INTRODUCTION
Global positioning systems (GPS) have been used to conduct work zone studies , congestion management studies (Quiroga and Bullock 1998a) , and carfollowing analyses (Wolshon and Hatipkarasulu 2000) . A California study (McNally et al. 2003) designed, developed, and tested a GPSbased in-vehicle data collection unit for traffic surveillance and management. The California data collection system incorporates GPS, data logging capabilities, two-way wireless communications, and a user interface in an extensible system which eliminates driver interaction. Ranjitkar et al. (2004) used a group of 10 test vehicles with GPS devices to record real-time car-following data to evaluate the performance of various traffic flow models. GPS devices have been used for travel-time studies by many researchers, including , Quiroga and Bullock (1998b) , Turner (1996) , and Van Aerde et al. (1993) .
To further broaden the applications of GPS in transportation engineering, the objective of this study was to use GPS data to analyze various types of traffic delays at intersections. In this study, vehicle position data was recorded with a GPS device at selected coordinated intersections. Coordinated intersections are a set of intersections with coordinated green times that allow vehicles to move through the set of signals smoothly and efficiently. That is, the signals of coordinated intersections are programmed so they would maximize the chances of vehicles going through the intersections without stopping. It is often necessary to measure the performance of the signals in terms of traffic delays at the intersections. Intersection traffic delays include stopped-time delay, approach delay, travel-time delay, and time-in-queue delay. In practice, only the stopped-time delay is measured by traffic engineers because it is relatively easy to measure manually (McShane et al. 1998) . Using GPS devices, all types of intersection delays can be measured with higher efficiency and accuracy. The study results demonstrate that traffic engineers can use GPS devices to evaluate the performance of coordinated intersections, to identify problem locations and time periods along the roadway, and to determine traffic control strategies for performance improvement.
DATA COLLECTION
The data collection was performed on two sets of coordinated intersections in Indiana, including a set of coordinated intersections on U.S. Highway 31 (US-31) in Kokomo and another set on State Road 26 (SR-26) in Lafayette. On the US-31 section, the coordinated intersections included the seven intersections from Lincoln Road to Sycamore Road. On the SR-26 section, the coordinated intersections included the eight intersections from Hammon Street (No. 1) to Progress Drive (No. 8). Figure 1 is the graphical illustrations of the two test roadway sections and their coordinated intersections. The number of runs (sample size) was determined through the following equation (1) where n = sample size (minimum number of test runs) S = estimated standard deviation e = limit of acceptable error in speed estimate Z α/2 = Standard distribution with (1-α/2) confidence level and n-1 degrees of freedom ε n = sample size estimation adjustment derived For a 95% confident level or α=0.05, the corresponding Z α/2 is 1.96 and ε n is 3. With an error of ±5.0 km/h speed estimate, the sample size was determined to be six for both of the test roadway sections. A test vehicle with a GPS device, as shown in Figure 2 , was used to record the vehicle positioning data. The GPS device, including the antenna and receiver, was used to receive satellite signal and output GPS position data. The external devices include a laptop computer and power supply devices. The laptop computer was employed to communicate with the GPS receiver and store the GPS position data. Figure 3 shows the GPS components. The GPS device error range is within 1.0 meter for distance measurements and is less than 0.16 kilometers per hour for speed measurements. This accuracy is considered sufficient for the purpose of traffic analysis. 
Figure 3: GPS and External Devices
A computer program, GPS-Trek , was developed specifically for this study so that GPS-recorded vehicle positioning data can be automatically processed and converted into a desired format with values of travel time, distance, and speed. GPS-Trek has an embedded Indiana GIS highway map and can display the trajectory of the test vehicle on the GIS map. The software allows users to initiate or to end a data collection session using designated keys on the computer keyboard. Users can monitor the data collection process while the roadway measured by GPS is displayed on the GIS map in real time. Users can press designated keys during data collection to mark special events or landmarks. Users also may enter comments at the beginning and the end of a data collection session. To identify the location of an intersection, a mark could be added to the data file manually by pressing a key on the computer keyboard during data collection. However, this operation would require constant operator intervention and would be error-prone. It would also result in safety concerns if data collection is performed by one operator who must drive the test vehicle and mark the intersection location at the same time. To avoid this unsafe operation, an intersection marking tool was designed in the GPS-Trek program. This tool allows the intersection location to be identified and marked after data collection. That is, the test vehicle travel process can be replayed on the GIS base map and the intersection location can then be marked on the base map during replay by clicking a selection cursor. The selection of the intersection location on the GIS base map will automatically add a mark at the corresponding distance point in the data file. With this feature of the software, only one operator is required for GPS data collection. For each test run, the operator activates the GPS-Trek program and then drives the test vehicle through the test route. When traveling on the test route, the operator does not need to do anything with the GPS system so that the driving operation will not be interrupted and cause safety concerns.
IDENTIFICATION OF INTERSECTION DELAYS FROM GPS DATA
Traffic delay at an intersection is most frequently quantified in the forms defined below (McShane et al. 1998 ):
• Stopped-time delay is the time a vehicle is stopped while waiting to pass through an intersection.
• Approach delay includes stopped-time delay and the time lost when a vehicle decelerates from its normal speed to a stop and accelerates from the stop to its normal speed.
• Travel-time delay is the difference between the actual time for a vehicle to pass the intersection and the time for the vehicle to pass the intersection at the driver's desired speed.
• Time-in-queue delay is the total time that elapses from a vehicle joining an intersection queue to its discharge from the queue across the stop-line. Traffic engineers often measure stoppedtime delay in intersection studies because it is relatively easier to manually measure than other types of delays. With GPS devices, however, all of these delays can be directly obtained or indirectly derived from vehicle-positioning data.
Figure 4 (McShane et al. 1998 ) illustrates some typical intersection delays on a plot of distance vs. time of a vehicle's traveling positions. As can be seen, these intersection delays are measured based on the actual path and desired path of the vehicle traveling through the intersection.
GPS vehicle-positioning data contains the test vehicle's position points at given time intervals. The GPS device in this study was set to record the test vehicle's positions at each second, which are the data points of distance vs. time. Therefore, as the test vehicle passes through an intersection, the actual path of the vehicle is being recorded. The desired path of the test vehicle cannot be directly recorded with GPS. However, the typical vehicle free-flow speed, or the desired speed, can be measured by driving the test vehicle following the main traffic flow on a fairly distant upstream roadway section of the intersection. This desired speed should be measured where the upstream intersection is adequately distant from the intersection of interest and when the traffic volume is relatively low. An upstream intersection is the adjacent intersection before the subject intersection along the travel direction. If the upstream intersection is close to the intersection of interest, the test runs for the desired speed should include those in which the test vehicle arrived at the upstream intersection during green light and passed it without deceleration. Once this desired speed is determined, the desired path shown in Figure 4 can be plotted accordingly.
Note that all travel delays in Figure 4 are the delays of an individual vehicle. To estimate the total travel delays, traffic engineers will need to multiply the travel delay values by traffic volume. Because only the travel delays of individual vehicles are of interest, traffic volume was not measured in this study.
As an example, Figure 5 shows a distance vs. time plot with the GPS-recorded test vehicle's positioning data at the intersection of SR-26 and Creasy Lane. In this figure, the straight dotted line on the left hand side is the desired path and is drawn based on a measured desired speed of 77 km/h (kilometers per hour). The desired speed was measured as the test vehicle approached the intersection at the driver's perceived traffic flow speed without interruptions of upstream traffic lights and under light traffic conditions. The curve on the right hand side is the actual path based on the GPS-recorded vehicle-positioning data. With the desired-path and the actual-path curves, the stopped-time delay, the approach delay, and the travel-time delay at the intersection can be measured in Figure 5 in the manner illustrated in Figure 4 .
Note that one of the four listed intersection delays, i.e., time-in-queue delay, is not shown and thus cannot be obtained in Figure  4 . However, all of the intersection delays, including time-in-queue delay, can be obtained (1998) either directly or indirectly from a GPS-Trek generated data file without drawing such curves as presented in Figure 4 . To demonstrate how to use a GPS-Trek output file to find intersection delays, part of the GPS-recorded data points, which were used to draw the actual path curve in Figure 5 , are presented in Table 1 . The test run was performed eastbound on SR-26, starting at 417.1 meters west of the intersection with Creasy Lane. The first four columns are the data values contained in the GPS-Trek data file, including time, distance, speed, and intersection mark. A value of zero in the fourth column indicates the starting point (the stopline) of the SR-26 and Creasy Lane intersection. The last two columns of the table are not part of the GPS output file, but are added to this table for explanation purpose.
In the fifth column of Table 1 , the length of stopped-time delay is represented by the shaded area. This delay is simply the time period in which its speed was zero in front of the intersection. From the first and third columns, it can be seen that the vehicle speed was zero starting at the 34 th second and ending at the 58 th second. Thus, the stopped-time delay for this test run is d s = 58 -34 = 24 seconds, which is the length of the area in the fifth column. Time-in-queue delay is defined as the total time from a vehicle joining an intersection queue to its discharge across the stop-line. In the GPS output file as shown in Table 1 , the beginning of the intersection (the stop-line) is marked with a "0" in the fourth column. The time-in-queue delay can then be directly obtained from the data file. In this example, the test vehicle stopped or joined the vehicle queue at the 34 th second (the starting time of speed = 0) and moved across the stop-line at the 64 th second. Therefore, the time-in-queue delay is d q = 64 -34 = 30 seconds, as shown by the area in the sixth column of Table 1 .
As defined earlier, approach delay is the stopped-time delay plus the time lost during deceleration and acceleration as a vehicle passes through an intersection. Unlike stoppedtime delay or time-in-queue delay, approach delay and travel-time delay cannot be read directly from the GPS data file. However, they can be obtained from the GPS data file through simple calculations. To obtain the approach delay, the normal speed on the roadway section Table 2 , the normal speed is the average value of the speeds during the first 20 seconds before the vehicle started to decelerate in front of the intersection, which is 53 km/h. As shown in Table 1 and Figure 5 , the test vehicle started to decelerate at the 20 th second and the distance point of 280.8 meters and it resumed its normal speed at the 68 th second and the distance point of 479.9 meters. The actual time spent is T = 68 -20 = 48 seconds and the distance traveled is D = 479.9 -280.8 = 199.1 meters. The approach delay is then the difference between the actual travel time T over distance D and the time it would be required to travel the same distance at the normal speed. That is, the approach delay can be computed using the following equation: The only difference between the two equations is that desired speed is used in Equation 3 and normal speed is used in Equation 2. As explained above, desired speed should be measured when approaching traffic flow is relatively low and is not interrupted by traffic signals. On this section of roadway, the desired speed was about 77 km/h under good travel conditions. With this value of the desired speed, the travel-time delay can be computed with Equation 3 as d t = 48-3.6(199.1/77) = 38.7 seconds.
PERFORMANCE OF COORDINATED INTERSECTIONS
The study sections on US-31 and SR-26 are used in the following to illustrate the application of the collected GPS data on the performance of coordinated intersections. The main demonstration of the performance analysis focuses on the seven intersections on US-31, while the SR-26 section is used to present an example of segment performance of coordinated intersections. Table 3 presents the mean values of the four types of intersection delays measured by GPS at the seven intersections. Because the seven intersection signals on US-31 are coordinated, the delays at these intersections show not only the performance of individual intersections, but also the performance of the coordinated intersection system. The relatively long delays at Lincoln and Markland intersections, as shown in Table 3 , could be an indication that the signal coordination was not as good as desired and improvement in signal timing design might be necessary.
In addition to the mean values of intersection delays, more detailed information can be provided with GPS-collected vehicle positioning data. For instance, the measured stopped-time delays for each test run and the standard deviations are include in Table 4 along with the mean stopped-time delays at the intersections. As can be seen, vehicles consistently endured relatively long delays in all six test runs at the Markland intersection. Vehicles also experienced some delays at the Lincoln intersection in all but one test run. At the Carter intersection there were only minimal traffic delays, and at the other four intersections there were no traffic delays during the test period. The values of the standard deviations in Table 4 indicate that the Markland intersection experienced lower deviations of traffic delays than the Lincoln intersection even though the Markland intersection had a higher mean traffic delay.
To further study the effectiveness of the coordinately controlled intersections on US-31, Figures 6 and 7 can be drawn to examine the speed patterns of the test vehicle recorded by GPS. Because the test vehicle traveled with traffic stream, the two figures also represent the speed patterns of traffic flow. Figure 6 depicts a speed profile of the test vehicle from Lincoln to Sycamore. It illustrates that the test vehicle either stopped or slowed down in front of some of the intersections. Figure 7 that the lowest average speed occurred on the roadway section between the fourth (Savoy) and fifth (Markland) intersections. This is expected because the longest intersection delays were observed at the fifth intersection (Markland), as shown in Tables 3 and 4. As discussed above, GPS-collected data provides detailed information on intersection delays and vehicle speeds. With GPS data, the performance of individual intersections as well as coordinated intersections can be analyzed in terms of intersection delays and speed patterns. Moreover, the total delay at the coordinated intersections on US-31 can also be derived from the GPS data with the following equation: Table 5 . The measured stopped-time delay is the sum of stopped-time delays at the seven intersections. The "other delay" shown in the last row of Table 5 is the difference between the total delay and the measured stopped-time delay. The total delay data in Table 5 provides an overall measure of the performance of the coordinated intersections, while the delay and speed data in Tables 3 and  4 as well as in Figures 6 and 7 contains more detailed information on the performance of individual intersections.
As previously discussed, several types of traffic delays can be identified using curves as illustrated in Figure 4 , which is a curve of travel distance versus travel time. To study the performance of coordinated intersections, however, a curve of travel time versus travel distance can be utilized to illustrate the locations and the magnitudes of traffic delays. With the GPS data, the travel delays of any section between two intersections of coordinated intersections can be obtained through Equation 3. Table 6 presents the delay values on the SR-26 section, including delays on individual sections between any two consecutive intersections as well as on the whole section of the eight intersections. The average delays in terms of travel delay per unit length of roadway in Table 6 can be used as a measure of segment performance of the coordinated intersection system.
CONCLUSIONS
With GPS-collected traffic data of two coordinated intersection systems, this paper presents the techniques for identifying and measuring various types of intersection delays, graphical representations of coordinated intersection delays, and performance analyses of coordinated intersections. The GPS-collected travel data along the test road segments contains detailed information on vehicle positions and travel speeds, so various travel delays at the coordinated intersections can be obtained. The travel delays, the vehicle speed profiles, and the average speed values between intersections provide essential information for traffic engineers to identify problem intersections and time periods in the coordinated intersection system. Consequently, the traffic engineers would be able to address the problems effectively with appropriate remedy actions.
To ensure a desired accuracy, an appropriate sample size must be determined as described in this paper. It should be noted that a GISbased map was used as an integral part of the GPS data collection and analysis. It is found in this study as well as in many other studies that the GPS and GIS technologies have generally been applied in combination.
Therefore, except when an individual intersection or a fixed point of a roadway is to be evaluated, it is strongly recommended that a GIS-based map be available for GPS applications. The use of a GIS-based map can greatly improve the effectiveness of GPS applications in roadway sections and highway networks. It should also be noted that a computer interface program that converts GPS data into values of travel time, travel distance, and vehicle speed is not always available with GPS devices. In this study, it was necessary to develop the computer program, GPS-Trek, to facilitate GPS operation and data collection.
As the prices of GPS devices decrease and the GPS technologies continuously improve, the applications of GPS in traffic studies will certainly grow. In addition to intersection performance, GPS devices have been utilized in many other highway and traffic related areas, such as traffic delays at work zones, traffic surveillance, and traffic model verifications. It is believed that more applications of GPS devices in traffic engineering will be explored and adopted in the future.
